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SCOPE AND CONTENTS: 

The atomic beam magnetic resonance technique with 

radioactive detection has been used to investigate the hyperfine 

117m structure of In • The present research is based on the work 

done by Cameron (1962) who could not obtain accurate values for the 

hyperfine interaction constants due to the low neutron flux at the 

time in the McMaster reactor. 

This thesis is an account of an attempt to complete that 

experiment by observing the field independent direct hyperfine 

transitions. The theory of the experiment, the apparatus and 

techniques, and the method of data analysis are described. Because 

of the counting errors, the data are not as conclusive as had been 

hoped. If the resonances have, in fact, been seen, then the 

results are: 
~ = -932.996 ± 0.012 Me/sec 

a
3
; 2= -99.005 ± 0.005 Me/sec 

~I = -0.25146 ± 0.00003 nuclear magnetons. 
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CHAPTER I 

INTRODUCTION 

The history of atomic beams, a little more than half 

a century old, can be traced back to 1911 when Dunoyer (1911) 

studied the trajectories of sodium atoms in an evacuated tube. 

Stern and Gerlach (1921) introduced a new concept to the old 

experiments when they proved space quantization. Precise 

measurements of atomic and nuclear properties were initiated 

by Rabi and associates (19)8) with the introduction of the 

resonance method. Since that time the popularity and scope 

of atomic beam measurements have been influenced mainly by 

various technical advances in r.f. equipment and detection 

methods. 

Experiments have been performed to measure such diverse 

atomic and nuclear properties as electronic and nuclear angular 

momenta and gyromagnetic ratios, hyperfine interaction constants, 

isotope shifts, hyperfine anomalies, etc. Nor have the measure

ments been confined to atomic ground states or stable isotopes. 

In some instances the quantities determined are the most precisely 

known physical constants. 

1 
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Construction of the atomic beam machine at McMaster 

University was started in 1957 and the first experiment - the 

determination of the spin of indium - 115m - was completed in 

1960 (King, 1960 and King et al., 1961). Since then a number of 

. . 109m 138 115m 117 117m 
rad~oact~ve elements such as Ag , Cs , In , In , In , 

sm153 and sm155 have been studied. 

2 Cameron (1962) measured the values of a ( P
312

) and 

a<\) for Inll5m and from them deduced {J..-I but he could not succeed 

. r· d' i il 1 ' 1 for In117m. Th bi t h d' ~n ~n ~ng s m ar y prec~se va ues e gges an ~-

cap to his experiment on In117m was that he could not produce 

strong enough sources due to the low neutron flux in the reactor. 

However, he did determine that the nueJ;ear spin is~ (Cameron et 

al. 1962) and, on the basis of measurements of the b. F = 0 transition 

2 in the P~ state at high field (~500 gauss), concluded the following: 

a(~~) = (-) 931.5 ± 2.0 Me/sec 

fL 1 = (-) 0.2510 ± 0.0005 nuclear magneton. 

Since that time, the neutron flux of the McMaster reactor 

has been raised considerably (though not as much as had been hoped). Accord-

117m ingly it was thought to be worthwhile to give the In experi-

ment a further try. 
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Before starting with the theory of the atomic beam 

experiment (Chapter II) it seems appropriate to give a little 

introduction to nuclear moments and models. 

A nucleus interacts with an external electromagnetic 

system such as the atomic electron through its electromagnetic 

properties- charge density and current density. It is con-

venient to express these interactions in terms of multipoles. 

Thus the interaction energy is represented by a sum of terms 

proportional to nuclear moments, i.e. monopole, dipole, quadrupole, 

etc. Because the electrons are far from the nucleus, relative to 

its dimensions, the terms in the series diminish rapidly in 

importance. Only in a few cases has even the octupole energy 

been detected. 

The electric and magnetic multipole operators of order ~ 

are written as: 

z 
Qff " 

~ 
(I-1) = e [_ rk y~ (ek) 

'). 
k=l 

A 
~ 

~ 
y_N [ 'f. ~ 

[ g,e 
2~ ~] M'A = v (rk y~ (Gk)). t.+l +ES 

k=l 

Where e is electronic charge and ~N is nuclear magneton. 

The co-ordinates of the kth nucleon are denoted by rk' Gk and ¢k' 

gs and g£ are the spin and orbital gyromagnetic ratios having values 
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gs = -3.826, g£ = 0 for neutrons and g
6 

= 5.586, g£ = 1 for protons, 

and Y; (ek) is a spherical tensor of order j\ and projection ft • 

From the classical point of view the multipole expansion 

contains an infinite number of terms, but quantum mechanical 

considerations limit the expansion. Only for k ~ 2I can a nucleus 

with spin I have non-zero static 2k-pole moments. In addition, 

the expectation value of an odd parity operator is zero. Since 

fA 
the parity of Q ~ 

~ lA 
is (-1) and that of M ~ is (-1) ~+l, the 

observable static moments are limited to electric monopole, quad-

rupole, etc., and magnetic dipole, octupole, etc. 

As Equation (I-1) is impossibly difficult to evaluate, 

except in the case of simple nuclei, some simplifying assumptions 

have to be made in order to treat complex nuclei. On the basis 

of these a few nuclear models, such as nuclear shell model and 

collective model have been introduced and successfully applied in 

different mass regions. 

The shell model is based on a number of assumptions. Each 

nucleon moves in a static central potential, which represents 

the average interaction of the nucleon with the remaining nucleons 

of the nucleus. The potential is quite different from the Coulomb 

potential. It has a form between the square well potential V = -V 
0 

2 and the so-called oscillator potential V = -V + ar where r is the 
0 

distance between the nucleon and the centre of force and a is a 

constant. It is also necessary to introduce a strong spin-orbit 
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coupling. The nucleons will then arrange themselves in different 

energy levels according to the Pauli exclusion principle. When 

a shell is filled the resulting configuration is particularly stable, 

thus explaining the observed magic numbers. 

A further assumption in the extreme single particle model 

is that not only filled nucleon shells, but also even numbers of 

neutrons, or protons in any level have no net angular momentum and 

no magnetic moments. In a nucleus of odd A, all but one of the 

nucleons are considered to have their angular momenta paired off, 

forming an even-even "core"; the single odd nucleon is thought to 

move essentially independently in (or outside) this core, and the 

net angular momentum of the entire nucleus is determined by the 

quantum state of this nucleon. The moments of odd-mass nuclei 

are assumed to arise from the single unpaired nucleon, and this 

reasoning leads, for example, to the Schmidt values for magnetic 

dipole moments. 

Although the shell model is quite successful in predicting 

the ground state spins and parities, and isomeric states of odd A 

nuclei the theoretical values of magnetic dipole and electric 

quadrupole moments are not in as close harmony with experiment. 

This discrepancy is attributed to the inadequate account of inter

nucleon forces in the simple model. 
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In a more realistic shell model only the nucleons in 

completely filled major shells are assumed to couple to spin zero. 

Outside this core, the nucleons move subject to a particle spin-

orbit interaction, a mean particle-core interaction, and a residual 

particle-particle interaction. The latter is assumed to be small 

compared to the effective single particle force and is treated as 

a perturbation. Single particle wave functions are used as a 

b . f 11 f. t• . . n 1 1 t• as~s o con ~gura ~on m~X1ng ca cu a 1ons. 

The shell model does not predict the very large electric 

quadrupole moments observed in certain nuclei. This failure, 

together with the observation of systematically spaced energy 

levels in neighbouring even-even nuclei, suggested a quite different 

approach. This collective model was initially developed by Bohr 

and then generalized and extended by him and Mottelson (Bohr and 

Mottelson, 1953), by Nilsson (1955) and since then by many others. 

Far from the closed shells of the shell model the effect of the 

"loose" nucleons can be quite large making it possible for the core 

to take up a non-spherical shape. Thus collective surface oscill-

ations are possible. In the rare earths and actinides, where the 

large quadrupole moments appear, it is clear that it becomes energet-

ically favourable for the nucleus to retain a permanent deformation~ 

Collective rotations then occur and the energies and decay modes of 

these low-lying states provide a sensitive measure of the degree of 
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deformation. This can be used to calculate electric quadrupole 

moments which are found to be in substantial agreement with those 

observed. In the model the core shares in the angular momentum 

so calculated magnetic dipole moments differ from those of the 

shell model. 



CHAPTER II 

THEORY OF THE EXPERIMENT 

1 - Hyperfine Interaction in a Free Atom 

The atomic beam resonance method is based on the interaction 

of the nucleus and electrons with each other and with externally applied 

magnetic fields. The total atomic Hamiltonian, in the absence of 

an external magnetic field may be written as 

= H nuclear + Helectronic + ~yperfine 

The first term on the right hand side represents the 

internal energy of the nucleus. In view of the widely spaced 

• 

nuclear energy levels, of the order of tens or hundreds of kilo 

electrons volts, as compared to electronic energy levels separated 

by 1 e.v., the nucleus is usually considered to be in a single 

eigenstate, which is characterised by nuclear spin denoted by I. 

Hence, the H 1 term may be ignored in further detailed treatment. nuc ear 

The second term, H 1 t . , is responsible for gross and fine e ec ron~c 

structure of atomic optical spectrum. It describes the interaction 

of the electrons with the nucleus in the assumption that the latter 

8 
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is a point charge. It also includes the interaction of the 

electrons with one another. In atoms where the fine structure 

states are well separated ~~1000 cm-1 ) it is usually sufficient 

to treat this term in much the same way as above. That is, the 

electrons may be regarded as being in a specified state of H 1 t . 
e ec rome 

with angular momentum J. 

The last term gives rise to hyperfine structure splitting 

of the electronic levels. Since 1924, when Pauli postulated that 

hyperfine structure could be attributed to the interaction between 

the nuclear and electronic angular momenta, a number of different 

theoretical treatments have been put forward to calculate it 

(Goudsmit, 1931, Breit and Wills, 1933, Schwartz, 1955). 

As mentioned in Chapter I, the hyperfine interaction consists 

of a series of terms in which the 2~ -pole of the nucleus interacts 

with the 2~ pole component of the electronic field. So R f" -llyper ~ne 

is the sum of a number of expressions, such as the magnetic dipole 

interaction given by 

HMI = ha I. J, 

the electric quadrupole interaction 

~2 =ha 

~~ 2 'A _.. ~ 
3(I.J) + ~ (I.J) - I(I+l) J(J+l) 

21(21-1) J(2J-l) 
t 



10 

and the magnetic octupole interaction 

= hclO(I .. J)3+2o(l,'J)
2 
+2(I.J) [-3I(I+l)~(J,+l)+I(I+l)+J(J+lh3] -5I(I+J,.)J(J+l) 

I(I-1) (21-1) J(J-1) (2J-l) 

The quantities a, b and c are constants having the units of frequency 

related to the nuclear moments as shown below: 

a= 
lli 

I 
x electronic factor 

b = Q x electronic factor 

c = ~ x electronic factor. 

Other higher order multipole interactions are negligible to the 

present limit of e~erimental accuracy. 
_.... -> -

If we take F = I + J as the total angular momentum of the 

atom, then 

= ~ l F(F+l) - I(I+l) - J(J+l)] 

The hyperfine energy of a state of given I, J and F is easily 

obtained by substituting this into the above expressions. 
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As a result of the relationship between a and ~I' a 

simple equation holds for isotopes in the same electronic state. 

' Referred to as the Fermi-Segre formula, this is 

= • 

Small departures called hyperfine anomalies occur, particularly 

in 2s~ atoms, because of the finite size of the nucleus. 

2 - Hyperfine Interaction in the Presence of External Magnetic Field 

In the presence of an external magnetic field another term 

representing interaction of the electronic and nuclear magnetic 

moments with the field must be added to the hyperfine Hamiltonian. 

Therefore, 

where 

~I= 

and 

H total 

H mag 

~ 

= 

= 

Hhyperfine 

- _,.. 
~.H-

+ H mag 

g1 I tl
0 

is the nuclear magnetic moment. 

_,. 
gJ J {:i-

0 
is the electronic magnetic moment. 

~0 = 
eh 
2mc is the Bohr magneton. 
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If the magnetic field is assumed to be in the z direction 

then 

!)rag = fLo J z H. 

It should be noted here that gi is much smaller in magnitude than 

gJ. In nuclear physics gi is of the order of unity since the 

nuclear magnetic moment is expressed in nuclear not Bohr rnagnetons. 

As pointed out in the previous section R . is diagonal -nyperJ.ne 

in an (F,m) representation, but after the magnetic field is applied 

the spherical symmetry is lost and F is no longer a good quantum 

number. Its Z-component is, however, so the ~,m) representation 

is a convenient one for diagonalizing the Hamiltonian. 

F = I + J , it follows that z z z 

where oFF' and omm' are Kronecker deltas. 

The only non-zero matrix elements of J are z 

( F' m I J z I F' m) = F(F+l) + J(J+l) -I(I+l)m 
2F(F+l) 

. (F,m J Jz I F-1, rn) = (F-1, m 1 Jz I F,m ) 

Since 

= ((F-I+J) (F+I-J) (I+J+l+F) (I+J+l-F) (~m2)J ~ 
4 r2(2F+l) (2F-l) 



By applying these expressions the Ha~iltonian matrix 

can be divided into 2(I +J) + 1 submatrices along the diagonal. 

Each submatrix corresponds to a different value of m, and the order 

of each submatrix is equal to the number of different F values 

contributing to it. Hence, we find that the secular equation is 

reduced to 2J+2I+l factors. These are equated to zero to obtain 

the eigenvalues. 

In case of J = ~ the highest order determinants are 2 x 2 

and can be solved easily. Following Breit and Rabi, the eigenvalues 

are usually written 

r 4m 2 J ~ 
(2I+l) l 1 + 2I+l X + X 

where x = H 
ha(2I = 1) 

For the case of I = ~~ which is appropriate for In117m, 

the solution for arbitrary values of J can be written as 

1 ha (~ 
W(F:J±2m) =-4 - J 

(..tl.- ltJ) 
where y = - 2 I J H. 

H m _+ h4a (2J + 1) ( 1 + 4m 
2J+l y + y 

ha(2J+l) 

For the sake of interest Figure 1 shows the solution for 

the cases I = ~' J = ~ and 3/2 assuming l_{I and "a" to be negative. 

For the case of I and J both greater than ~ the exact 

solution of secular equation presents some difficulties. An 

alternative method, the application of perturbation theory is 

useful. 

2] ~ 



FIGURE 1 ZEEMAN SPLITTING 

Energy level diagram for (a) J = ~' 

I = ~' f!I ( 0 and (b) J = 3/2, 

I = ~' tLI ( o. Transitions of the 

type ~F = 0, which may be focussed 

in the "flop-in" configuration, are 

indicated by the double-ended arrows. 
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3 - Deflection and Focussing of Atomic Beam 

In an atomic beam machine the atoms pass in succession 

through an inhomogeneous magnetic field A, a homogeneous magnetic 

field C and a further inhomogeneous magnetic field B. While 

travelling through the regions of inhomogeneous magnetic field 

they experience deflecting forces 

-F = aw ·r7 H aH v = 

Ramsey (1956) has shown that, independent of speed, the 

condition for refocussing the atoms on a detector placed on the 

axis of the machine is 

K ( • 

The sign of fteff depends upon the quantum state of the atom and the 

magnitude of the field. The constant K, which depends upon the 

dimensions of the machine, can be negative or positive depending 

upon the relative directions of the field gradients. 

In the homogeneous magnetic field region a weak radio~ 

frequency oscillating field induces transitions between the magnetic 

substates of the atom. In a flop-in type machine (used for the 

present research), the value of K is negative, and only those atoms 
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can reach the detector which undergo transitions between states 

whose effective moments have opposite sign. Hence, at resonance, 

the beam intensity increases unlike the flop-out arrangement where, 

on a constant background, signal a decrease in beam intensity 

occurs. 

4 - Atomic Beam Resonances 

As the transitions to be induced involve states of the same 

parity, the selection rules are those of magnetic dipole radiation: 

AF = O, ± 1 Am = o, ± 1 • 

The ~ transitions are those in which m does not change and are 

produced when the oscillating field is parallel to that of the static 

field direction. In n transitions m changes and they are induced 

by an oscillating field whose direction is perpendicular to the 

static field. In the case of sufficiently large r.f. magnetic 

field transitions can be induced which violate the above selection 

rules. 1~e theory of these transitions, commonly known as multiple 

quantum transitions, have been investigated by several workers. 

(Hack, 1956, ). They are not of concern in this problem. 

When these conditions are combined with the requirement for 

observability one can readily determine the transitions which may 

be investigated. Their frequencies are given by the Bohr condition 

= h ~ 
0 
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where the energies of the upper and lower states, WFm and WF'm' 

respectively, are given by the solution of the Hamiltonian. 

In Figure 1, the arrows indicate the observable bF = 0 

transitions. Their frequencies increase litlearly from zero at 

zero field, when the magnetic substates are degenerate, through 

the linear Zeeman region. At higher fields, quadratic and higher 

order terms become important, but exact expressions are readily 

obtained from the Breit-Rabi equation. 

For F = ± 1, a number ofo- and n-transitions are usually 

observable. The most useful are those whose frequencies are independent 

of field to first order at some value of the field. In the cases 

of I = ~~ J = ~ and 3/2, appropriate to indium - 115 m and indium 

-117 m, the transitions mF = 0 ~ mF = 0 are "field independent" 

at zero field. To order H2 these ~ transitions have frequencies 

g.iven by 

and 

2 ~ 
(1+ X ) ~ I~ I + 

2~ 
= 2 1 ~/2 l (l+y ) ~ 2 I a312l + 

< IJJtf f/I)2 

I a3/2l 

One might think that changes in the detected beam intensity 

would occur only when the transition frequency is applied. This 

is not the case for two reasons. Because the atom spends only 

• 
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a short time '(in the transition region, the uncertainty principle 

dictates that a resonance will be broadened by an amount of the 

order of ! cycles/second. 
'T' 

In addition, because the magnetic field 

in the transition region is not perfectly homogeneous the resor~nce 

line-width is even greater. The virtue of the field independent 

transition is the fact that this second contribution is minimized. 

The slope of the resonance is also a concern. Provided that 

the r.f. power is not too great, an-transition exhibits a bell-

shaped curve centred on the transition frequency and with a full 

width at half maximt~ of typically 100 kilocycles per second. 

The antenna used in this work to induce <:t -transitions produces a 

magnetic field that reverses direction at its centre. Consequently, 

the ~ -resonances have a double hump with the valley between 

occurring at the true transition frequency (Cameron, 1962). These 

shapes are shown schematically in Figure 2. 



FIGURE 2 RESONANCE SHAPES 

A schematic diagram of the resonance curve 

shapes. The diagrams are drawn without any 

scale just to indicate the shape of 

(a) 1t resonance; (b) 6 resonance. 

P stands for the transition probability at 

a given frequency. For details (Cameron (1962)). 
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CHAPTER III 

THE AT0!1IC BEAM APPARATUS 

1 - Introduction 

The atomic beam machine at McMaster University is 

basically similar to other conventional atomic beam machines 

of the flop-in type. Since the days of Rabi (1938), these 

have consisted of the following essential components: 

(i) High vacuum system; 

(ii) A source of atoms; 

(iii) A suitable collimating arrangement; 

(iv) Deflection inhomogeneous magnetic fields; 

(v) A variable homogeneous magnetic field; 

(vi) A radio fre.quency field; 

(vii) A detecting device. 

Neutral atoms are thermally ejected from the slit 

(0.03 em wide) in the source oven and enter a high vacuum chamber 

-6 ) where, due to the low pressure (10 mm. of Hg the mean free path 

is much larger than the length of the chamber. The beam of atoms, 

20 
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while traversing its path from the oven to the detector, passes 

in succession through three magnetic fields. Two of them, called 

A and B, are inhomogeneous, while the third, c, is a variable 

homogeneous magnetic field. The A and B magnetic fields due to 

their inhomogenity can deflect atoms possessing magnetic moments, 

while the C field has no effect on their direction of travel. 

A radio frequency magnetic field is superimposed on the 

C field and is capable of inducing transitions between the energy 

levels of the atom as it passes through that region. The 

frequency necessary to cause a transition is dependent upon the 

strength of the C field and upon the electric and nuclear properties 

of the atom. The A and B magnets and apertures act in such a way 

that they transmit only those atoms which undergo an appropriate 

transition in the C field region. The rest are thrown away. 

Typical beam trajectories are shown in Figure 3. By placing a 

suitable device at the exit slit of the machine one can detect the 

atoms which have undergone the transition. By measuring the 

strength of the C field and the frequency at which the transition 

occurs one can thus determine the various atomic and nuclear constants. 

A detailed description of the machine has been given by 

Cameron (1962) and King (1960). In this chapter a very brief 

description is given and the various modifications and improvements 

made since then are mentioned. 



FIGURE 3 TYPICAL ATOMIC BEAM TRAJECTORIES 

A plan view of an atomic beam apparatus. 

Trajectories of two idealized atoms are drawn. 

In a flop-in apparatus, with the fields and 

gradients of the A and B deflecting magnets 

as shown, atoms arrive at the detector D only 

if the sign of the atomic moment changes sign 

in the region of homogeneous field c. Stop 

wire, which prevents the undeflected atoms to 

reach the d~tector, is represented by s. 
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2 - Vacuum System 

No modifications were made in the set up of the laboratory 

or the vacuum system as the existing facilities are considered to 

be quite adequate for the present experiment. With the two six 

inch, one four inch and one two inch diffusion pumps, all with 

liquid air traps and two mechanical rotary pumps, a vacuum of the 

-6 order of 10 mm. of mercury can be obtained. 

In order to maintain as low a pressure as possible over 

most of the beam path, inspite of the outgassing that occurs near 

the high temperature source, a series of baffles is provided and 

the isolation chamber is separately pumped. This design has the 

further advantage that most of the radioactive contamination is 

confined to the oven section. 

3 - The Source Ovens 

The source ovens (illustrated in Figure 4) are tantalum 

cylinders 5/811 in outside diameter and 1 inch high with screw lids 

and'adjustable slits. The source is loaded in the oven by putting 

it in a carbon crucible which helps to prevent alloying of the source 

material with the tantalum. It is heated to the desired temper-

ature by electron bombardment. The temperature may be measured 

using a Leeds and Northrup (Model 8622-C) optical pyrometer. 



FIGURE 4 THE SOURCE OVEN 

The drawing shows the parts of 

the source oven, the slits, the 

lid and the carbon crucible. 
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The beam material used for calibrating the magnetic field 

of C magnet is loaded into an oven of stainless steel with 

approximately the same dimensions. Since the temperature involved 

is not so great, this oven is heated directly. For this purpose 

two holes are drilled near the bottom and tungsten heating coils 

are inserted in them. 

Both the ovens are placed on an "oven bar" which can be 

introduced into the vacuum system via a two staee locking arrange-

ment. The first stage reduces the pressure to 25 micron of Hg; 

after the second stage the pressure is about 5 microns and the bar 

can be inserted into the vacuum chamber. The entire process takes 

less than five minutes. 

4 - The Hagnet System 

A sketch of the three electromagnets is shown in Figure 5 

with the top of the case of the machine removed. The pole tips 

of the deflecting magnets A and B are sections of circular cylinders 

to provide a region of approximately uniform field gradient. A 

cross section of A-magnet pole pieces isshown in Figure 6. · The 

B magnet has similar shape with the linear dimensions increased by 

a factor of two (15 inches in length) in order to subtend approximately 

the same angle at the source. The C magnet has p~ane parallel pole 

tips spaced 0.51 inches apart, to provide as uniform as possible a 

magnetic field. 



FIGURE 5 THE MAGNET SYSTEM & GENERAL LAYOUT 

A schematic view of the magnet system. 

The prominant parts shown are: 

1. A magnet 

2. C magnet 

3. B magnet 

4. Oven interlock 

5. Button interlock 

6. Stop wire mechanism 
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FIGURE 6 THE A-MAGNET POLE PIECES 

The profile of the A magnet pole tips 

and the region through which the beam 

passes. 
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5 - The Collimating System 

The beam is collimated by two slits placed at the exi _t 

end of each deflecting magnet. The one on the A magnet is 

adjustable in position to assist in initial beam alignment. 

The other can be changed in position and width. The most 

appropriate settings were ascertained before each radioactive 

run to get the maximum signal-to-noise ratio for both a Na23 

beam and a stable indium beam. 

28 

In order to prevent the undeviated fast moving atoms from 

reaching the detector a stop wire is placed in the middle of the B 

magnet. This can be removed or inserted in the path of the beam 

with a lever arrangement at the bottom of the machine. 

6 - Detecting Device 

For detecting the sodium beam and the stable indium beam 

for initial alingment the surface ionization detector method was 

employed. (King, 1960, Cameron, 1962). In order to improve 

the efficiency of the detector wire the old detector wire was 

replaced by a new tungsten wire which was platinum-coated. This 

was done by evaporating the platinum in vacuum at a temperature of 

about 2800°C. The new platinum coated tungsten surface due 

presumably to its different work function, was found to be about 

five times more efficient than the old oxide-coated tungsten wire. 
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For the radioactive experiments, copper plated steel buttons 

were exposed in the beam for a known time. Their decay was then 

observed in low background (3 counters to determine the amount and 

half life of the activity deposited. 

The Radiofrequency Equipment 

The radiofrequency equipment consists of a signal generator 

a counter with appropriate transfer units for determing the frequency 

and arrangement for matching the load to the generator, and the loop 

for producing the required oscillating magnetic field. The 

oscillator used in the experiment (Wandel and Golterman LMS - 68) 

covers a frequency range from 0.35 to 960 Me/sec. and is capable 

of delivering a power of up to 1 watt. The crystal controlled 

counter (Beckman Model 7170) has a stability of 1 part in 107 

which was adequate. The loop used for the indium experiment is shown 

in the Figure 7. In consists of a shorted air di~lectric coaxial line 

with a slot cut for the passage of the beam. The magnetic field produced 

by this loop.circulates about the centre conductor with components both 

parallel and perpendicular to the C field. Thus it can be used for 

inducing both 1t and o transitions. 

In order to avoid a mismatch between the loop and the 50 ohm 

transmission line a tuning device is essential. This was provided 

by a double stub tuner and a trombone for changing the length of the 

line. The reflected wave was isolated with a directional coupler and 

applied to an oscilloscope. 

Figure 8. 

The complete arrangement is shown in 



FIGURE 7 THE RADIOFREQUENCY LOOP 

The radiofrequency loop used for this experiment. 

The beam passes through the slots and cut-away 

portion of the centre conductor. 
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FIGURE 8 THE RADIOFREQUENCY EQUIPMENT 

A block diagram of the radiofrequency equipment 

along with the tuning arrangement. The 

abbreviations in the various blocks stand for:-

SCOPE - Oscilloscope. 

XTAL - Crystal detector manufactured by Telonic Company. 

OSC -Oscillator (Wandelu, Goltermann, LMS 68). 

TEE - TEE 

ATTN Attenuator 6db. 

DC - Directional Coupler, M. c. Jones Corporation. 

CNVTR - Converter (Beckman Amplifier, Model 7570). 

DST - Double stub timer. 

COUNTER - Beckman EPUT meter 7170. 



_J 
<( 
I
X 

w 
a.. 
0 
(.) 
CJ) 

(.) 
0 

z 
1--. 

~ 

w 
w I- __ ..... 

J 

(.) 
CJ) 

0 

0:: 
I
> z 
(.) 

0:: 
w 
1-z 
:::> 
0 
(.) 



CHAPTER IV 

EXPERIMENTAL METHOD 

1 - The Indium Source Preparation 

Inll7m sources were prepared from natural cadmium by 

irradiating it in the thermal neutron flux of the McMaster 

reactor and allowing it to (3 decay. The reaction proceeds 

as follo't;s 

I 117m '( I 117 n ~ n 

~ /1?-
Sbl17 

The specially rolled sheets of thickness .005 inches 

weighing two grams were shaped into hollow circular cylinders 

of approximate height 1.5" and diameter o.65" to fit the reactor 

capsule without overlapping. This device is an attempt to 

minimize the problem of self shielding due to the very large 

cross section for neutron capture by Cd113. 

Unfortunately besides other isotopes, natural cadium 

. 114 116 115 
conta~ns Cd (28.86%) as well as Cd (7.58%) so that Cd 

and hence Inll5m is produced in the irradiation too. The 

. 115m 117m 
half-l~ves of In and In , 4.5 and 1.9 hours respectively, 
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are sufficiently the same that there is difficulty in extracting 

the amount of the latter present in a composite decay. Due to 

the different rates of growth of the two indium activities, a 

most suitable duration of inadiation can be found which will 

yield a suitable total activity and a good ratio of initial 

activities. 

The calculations are based on the differential equations 

h . h th b f I 117m d I 115m t t t w 1c govern e num er o n an n a oms presen a any 

time during irradiation and aftervrards. If N denotes the number 
0 

of parent cadmium atoms (Cd114 or Cd116) in the sample, N, the 

115 117 . number of Cd or Cd nucle1 present at time t and N
2 

the number 

f I 115m I 117m 1 i th o n or n nuc e , en 

dNl 
c N ¢- "'1 Nl dt = 

0 

dN~ 
= fAN - ~2 N2. dt 1 1 

The cross-section for neutron capture is denoted by o and ¢ is 

the neutron flux which is, of course, zero after the sample has 

been removed from the reactor. The half-lives of the radioactive 

cadmium and the induim are .693/~ , and .693/~ 2 respectively. 



FIGURE 9 Production of Inll?m 

117m The graph shows the growth and decay of In 

activity for different length of irradiation time. 

The vertical scale Y1 is plotted in units of 
3( ~ 2 - ~ l)N 

N ¢ ~ while Y2 represents the Ratio of 
0 

In 117m 
function. 

In 115m 
Curve (B) shows the In115m 

activity. Curve (A) is to be read along the 

Y2 scale. 
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After that, but before the isolation of the indium from its present 

cadmium 

N 6¢ 
0 

1/\-~ 2 1 
[ 

- \tR 
(1 - e ) 

A graph showing these results is given in Figure 9. Also shown is 

the ratio of the activity of Inll?m to that of Inll5m. The half-

lives and cross-sections were taken from the Nuclear Data sheets. 

It is noteworthy that the half-life of Cd117 is now reported to be 

three hours (Sharma, 1964) instead of fifty minutes, which is the 

value that caused Cameron to use a relatively shortkradiation. 

For these experiments the irradiation time was chosen to be fourteen 

hours. 

2 - Chemistry 

After the irradiation the sample was transferred to a 
bc)l 

glove/in the radioisotope laboratory adjoining the atomic beam 

• 



apparatus. The basic principle of the chemistry was the same as 

described by Cameron (1962) except that, in view of the short half 

life of In117m, every step was improved and thoroughly mastered in 

order to spend less time in chemistry. Typically, the time of 

receiving the sample from the reactor to the time of putting it in 

the machine was about 40 minutes. 

Instead of dissolving the ·irradiated cadmium sa'1lple in 

about 4 me. of concentrated HN0
3 

it was dossolved in 8 me. of 

concentrated HN0
3 

already containing 25 mgms of stable indium to 

be used as carrier. In this way the time of dissolving the cadmium 

was curtailed to 8 or 10 minutes. With the addition of NH40H 

both cadmium and indium hydroxides precipitate. In an excess of 

ammonia, cadmium forms the soluble ammonium complex Cd(NH
3

)4 (OH) 2 

while indium hydroxide remains insoluble. The latter was separated 

by centrifuging the solution for two to three minutes. The collected 

residue of indium hydroxide was dissolved in a few drops of concentrated 

Hct. In order to recover indium metal out of this solution about 

75 mgms of aluminum filings were added to the weak solution. In about 

two minutes a black spongy mass formed near the surface of the liquid 

and could be easily picked up with a small glass shovel. The process 

was repeated in order to be certain that no indium remained in the 

solution. The collected spongy form of indium was rinsed with alcohol 
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and then compressed in a tube to squeeze out the remaining traces 

of water. After ensuring its dryness the tiny pill of sample 

was loaded in the oven which was then transferred to atomic beam 

machine. 

In order to get a rough idea of the quantity of the 

precipitated indium the test tube containing the solution was 

brought near a survey-meter before and after recovery of the 

indium. The two readings always showed that less than 10% of the 

indium remained in the solution. It was in the best interest of 

the experiment not to waste time trying to retrieve the last small 

fraction. 

3 - The Approach to the Experiment 

The experiment is a difficult one because of the relatively 

short half-life of the isotope under study. This is aggravated 

by the necessity of a time-consuming chemistry and, particularly, 

by the curtailment of the useful counting time as the total activity 

of the source becomes more and more dominated by the Inll5m which 

is unavoidably present. Thus it is important to expose the . 

detector buttons at the desired frequencies as quickly as possible, 

so that counting may begin. 

In addition, however, it is necessary to ·monitor the beam 

intensity which is particularly unstable at the beginning of a run 



due to the appreciable increase in pressure in the oven chamber 

as outgassing occurs. In the customary technique, the beam is 

monitored between resonance exposures by interposing so-called 

11half-beam" buttons taken with the stop-wire removed from the 

beam path. This uses time that might otherwise have been used 

to improve the statistics of the resonance buttons. In a more 

recent technique, a simultaneous side-button monitor and resonance 

button are exposed. For an indium beam, which suffers only small 

deflections in the apparatus, this procedure seriously impairs the 

signal-to-background on the resonance. 

The procedure adopted turns the disadvantageous presence 

115m ~ 
of the In into a useful tool. Off resonance it is still 

possible for some atoms to reach the detector. This residual 

beam, called the "r-f off", will reflect the isotopic composition 

of the beam and will be proportional to its intensity. Therefore, 

115m 117m at a frequency off resonance for both In and In , a 

resonance button will receive activity of each kind in a ratio 

determined by the irradiation particulars for the source. At a 

resonant frequency for In115m the ratio of In117m to In115m will 

d · · · h f h d f f I ll7m 1m1n1s rom t at value an at a resonant requency or n 

the ratio will increase. Moreover, these ratios will be completely 

independent of the beam intensity. Of course, if the beam falls 
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to a very low value, both activities will approach zero and the 

statistical error on the ratio will be large. If the experimental 

data are taken in this way then there is no need for a beam monitor 

at all. 

There is a further advantage to this approach. Since 

the hyperfine transitions in Inll5m occur at frequencies known 

from the results of Cameron, it is possible to look for these and 

hence determine their resonance widths and depths. The frequencies 

of the corresponding In117m resonances being sought are only a little 

different (but far outside the line-\·lidth) so it is re.asonable to 

expect the r.f. power from the oscillator to be about the same. 

Thus, the resonance~widths should be the same in the two cases. If 

the sources used in these tests are irradiated for the same time 

as those for the Inll?m investigation, the Inll?m : Inll5rn ratio 

on resonance should decrease by the same factor as that by which it 

will increase at the appropriate Inll?rn frequency. This means that 

the shape (width and height) of the resonances being sought can be 

known in advance. This is clearly an invaluable aid if the counting 

statistics are marginally poor. 

On the basis of his measurements of the AF = 0 transition 

in the ~~ state Cameron concluded that the value of I ~ 1 for 

In117m is 931.5 ± 2.0 Me/sec. The frequency of the /::::. F = ± 1, 

( ) 2 117m . m = 0 ~ m = 0 transition in the P~ state of In l.S therefore 
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expected to be 931.5 ± 2.0 Me/sec with a very slight field dependent 

correction. When one considers that a single source lasts long 

enough to allow only some half dozen points which must be spaced, 

say, 50 kc/sec apart in order not to miss the resonance, it is clear 

that the scanning of a 4 Me/sec search range would be a tedious task 

requiring at least 15 sources. 

An alternative method is available, however. The ratio 

113 115 115m 
a312;~ has been accurately measured for In , In and In 

and the values found are 0.106096 ± 0.000039, 0.106124 ± 0.000001 

and 0.106124 ± 0.000001 respectively. Thus it is verified to 

considerable precision that the ratio is isotope independent. 

. 117m If one assumes that the same ratio appl1es to In the value of 

1 ~~above requires that j a
312

( = 98.97 ± 0.22 Me/sec. Hence, 

the frequency of the field independent hyperfine transition in the 

2 117m . P312 state of In 1s expected to occur at 197.95 ± 0.45 Me/sec. 

The search range is nearly five times smaller than that for the 

2
P* transition. 

of much 

between 

state is 

2 Unfortunately the resonance in the P312 state will be 

less intensity. The fine structure separation, 6. E, 

the ~~ ground state of indium and the 2P312 metastable 

~ 0 2212 em • The temperature of the source is about 1150 C 

and this cannot be increased without greatly changing the rate of 

effusion from the oven thus impairing the vacuum in the apparatus. 
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Therefore, the relative population between these two states is 0.22 

as given by 

= . exp (- AE) 
kT • 

this means that a resonance in the ~312 state will ffi1ow only 

2 1/10 the intensity of that in the P* state. 

2 It was decided that, if the P
312 

resonance can be seen 

by the ratio method in In115m at its known frequency, then the 

h f th t •t· · In117m should be narrower searc range o e same rans1 1on 1n 

scanned first. If an indication of the latter is obtained then 

the correspondingly reduced frequency range in the vicinity of 

931.5 Me/sec can be examined to obtain better statistics and a 

reduced frequency error. On the other hand, if no indication 

2 I 117m I 115m of the P
312 

resonance can be found either in n or n 

there is no alternative but to undertake a search over the full 

4 Me/sec range around 931.5 Me/sec. 

Finally, it should be noted that a small amount of 

enriched Cd116 0 is available, left over from the experiment to 

determine the spin of In117 (Cameron and Summers-Gill, 1962). 

The amount and its value precludes its immediate use in the 

h f th I ll7m h r· t t· If h th searc or e n yper 1ne rans 1ons. , owever, e 
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experimental approach just described is successful then it should 

be possible to verify the frequencies with good statistics by 

using this material. Both because of the increased abundance 

116 113 . of Cd and because of the absence of Cd , the count~ng rates 

should be high in spite of the fact that a 2 gram source is out of 

the question. 

4 - Experimental Procedure 

About five hours before each indium sample run the 

C field was calibrated by examing the Na23 Zeeman resonance. The 

frequency at which that occurs is directly related to the field 

since all the constants in the appropriate Hamiltonian are known 

to high precision. Two more checks of the same kind were done to 

verify the field stability - one just before the start of the 

chemistry and another just after the finish of the run. The field 

drift was usually quite small. In any case, at the low fields used, 

the6-transitions in indium are field independent so that a precise 

value of H was unnecessary. 

It was found that 25 mgm of indium carrier provides a 

beam lasting for about 55 minutes at 1150°C. This temperature is 

considered to be the most appropriate for beam production. 

Accordingly, the buttons were exposed in such a manner that the 



overall time of exposure of six buttons was just less than the 

duration of the.beam. The first two buttons were exposed for 

six minutes, the next two for seven minutes and the last two 

according to the time remaining to utilize all the beam. 

The exposed buttons were put in a battery of six low 

background Geiger counters with anti-coincidence guard tubes. 

A record of the decay of each button was kept for about 20 hours 

after the run. In order to obtain sufficient points with 

minimum statistical errors the readings on the counters were taken 

at half hour intervals during the initial five or six hours. 

Thereafter, the interval between readings was increased proportionately 

as the time passed, reaching about 70 minutes at the end of the 

counting period. A typical graph of the decay of a button is 

shown in Figure 10. In order that the background counting rates 

might contribute minimum error, these were determined for a period 

of six to eight hours prior to the start of the run. The buttons 

subsequently to be used were placed in the counters so that any 

residual long-lived activity would be corrected for. 

The composite decay curve of each button was separately 

resolved into two components of half lives 1.9 hours (Inll?m) 

and 4.5 hours (In115m) and extrapolated to the time of the end of 

the reactor irradiation. As the method adopted is different from 



FIGURE 10 EXPERIMENTAL DECAY CURVE 

A typical decay graph of a button is reproduced. 

The number of counts after subtracting the counter 

back ground are plotted on a logarithmic scale 

against time in hours on the linear scale. 

(a) Inll7m 

(b) Inll5m 

(c) Composite Curve. 
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the commonly used method of extrapolating the long-lived component 

and then subtracting that from the total counts, it will be of 

some interest to mention it here. The approach reduces the un-

certainty when there is a relatively small difference in the half 

lives of the components. 

A theoretical composite curve was drawn by assuming some 

~n~t;al t• f I 117m d I ll5m t• •t· • ~ ~ ra ~o o n an n ac ~v~ ~es. In Figure 11 

is shown a typical theoretical curve assuming the aforesaid ratio 

to be 2 : 1. The instantaneous ratio of activities takes on all 

values from 2 : 1 to 0 : 1 as one proceeds across the graph. The 

decay data of each button, plotted to the same scale on a second 

semi-logarithmic graph, were superimposed in turn on the master 

graph with the aid of a light box. Movement both vertically and 

horizontally is permitted, but the axes of the two graphs must remain 

parallel. When the most probable fit between the data and the 

master curve was obtained, the ratio of In117m to In115m at the 

time corresponding to the end of irradiation was noted from the master 

graph. The process was repeated three times for each button. 

Considering these three determinations, the mean value and the 

fitting error were decided. The results of such an analysis 

are included in Figure 10. 

To obtain the results of a run it was then only a matter 

I 117m I 115m of plotting the ratios, either n : n or its reciprocal, 



FIGURE 11 THEORETICAL COHPOSITE CURVE 

A theoretical composite decay curve for 

I 117m d I 115m b . th . · · t · 1 n an n y assum1ng e1r 1n1 1a 

ratio as 2 : 1 and then half lives 1.9 hour and 

4.5 hours respectively. 

are:-

(A) Inll7m_ 

(B) Inl15m 

(C) Composite Curve 

The various curves 

The scales are explained in Figure 10. 
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versus the frequencies at which the buttons were exposed. In 

principle, the results of different runs can be combined, but it 

was convenient to differentiate the points for each source by 

using characteristic labels. Examples of st1ch plots will be 

discussed in the next chapter. 



CHAPTER V 

RESULTS AND CONCLUSIONS 

During the early stages of this work, while the chemistry 

was being optimized and the characteristics of the apparatus were 

being understood, many resonances in Inll5m were examined using 

the high activity (rJlOO milliurie) sources that can be prepared 

in a 3- or 4-day inadiation. \iith such strong sources and with 

a pure activity (because of the long half life of Cdll5 one can 

let the Cd117 and Inll7m decay before even doing the chemistry) 

it is easy to obtain very_good statistics. The field-independent 

~-transitions in the 2P~ and ~312 states are shown in Figures 12 

and 13 respectively. For these data, the beam intensity was 

moni:tored by the usual "half-beam" method. The results, 

l ~I = 904.325 ± 0.015 Me/sec 

and 

I a-,;21 = 95.962 ± 0.008 Me/sec, 

are in excellent agreement with those of Cameron who quotes 
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FIGURE 12 

A resonance curve corresponding to the 

A F = ± 1, (m = 0 ~.m = O) resonance 

2 115m in P~ state of In • 
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FIGURE 13 

A resonance curve corresponding to the 

1:::>. F = ± 1, (rn = 0 .(,-..,.rn = O) resonance in 

2 115m 
P,;2 state of In • 
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904.348 ± 0.016 and 95.973 ± 0.010 respectively. Since many 

parts of the apparatus have been altered in the interval between 

1962 and the present this may be taken as strong evidence that 

no serious systematic error existed then or exists now. It is 

apparent that the resonance line widths in the present work are 

appreciably narrower than in the past. It is not known whether 

the improvement is due to better field stability, better field 

homogeneity or improved performance of the r.f. system. 

As expected, the same resonances are much less definitive 

when obtained with a In115m - In117m source irradiated for 14 hours. 

These are shown in Figures 14 and 15P where the ratio of Inll5m 

to Inll7m activity is the ordinate. In neither case do the errors 

justify drawing a curve of the ~-resonance type. For the ~¥.! 

state, however, a resonance at 904.34 Me/sec is a possible inter-

pretation. 2 The P312 data show no sign of a dip in the ratio at 

191.94, or of peaks in the vicinity of 191.89 and 191.98 Me/sec. 

It is to be noted, however, that the reactor flux was not at its 

optimum for this irradiation. 

In spite of the lack of success in seeing the ?P312 
resonance in In115m the planned approach to the Inll?m problem 

was followed through. Accordingly, a search for the analogous 

transition in In117m was initiated over the frequency range 197.7 



FIGURE 14 

The results of the run made to find 

out the resonance frequency of In 115m 

6F = ± l,(m = 0<.-m = O) in 2 
p3/2 

by using the ratio method. The big 

error bars do not permit the drawing 

of a C( resonance curve. 
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FIGUBE 15 

115m The results of the run made for In 

6 F = ± 1 (m = 0~ m = O) resonance 

in 2P~ state by the ratio method. 
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to 198.2 He/sec. In the data of several runs there were 

indications of a ~ -pattern centred at 198.02 ± 0.01 He/sec. 

A typical result is shown in Figure 16 which illustrates that the 

credibility depends crucially on the estimates of the uncertainties. 

Nevertheless, its rep.etition lends a certain confidence. Taking 

this frequency and applying the slight field correction appropriate 

to 1.09 gauss, one is led to the provisional value 

= 99.005 ± 0.005 Me/sec 

If this value is correct and if the ratio of the coupling 

constants in the ~312 and ~~ states has a value close to 0.10612, 

the resonance in the 2p* state should occur at a frequency close to 

933.0 Me/sec. In three separate runs searching this region the 

ratio of In117m to In115m activities was significantly lower at 

932.995 or 933.000 Me/sec than on either side. Unfortunately, the 

details of the peaks are not quite the same, but this could be due 

to instrumental effects. The results of one such run are shown 

in Figure 17. In order to evaluate the reality of the counting 

errors, the frequency range from 932.7 to 932.9 Me/sec was scanned 

on two occasions in 30 kc/sec steps. Compared to the region near 



FIGURE 16. 

TheAJ!., + ± 1 (m = 0 ~rn = O) resonance 

. ~ t t . I 117m 1n /~312 s a e 1n n • 
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FIGURE 17 

The.6F = ± 1 (m = 0 ~ m = O) resonance 

2 117m 
in P~ state of In • 
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933.0 Me/sec the fluctuations in the activity ratio in this region 

were smaller and the errors are consistent with it being flat. 

2 Thus it seems quite probable that the P~ has been observed. 

After field correction, the value of the coupling constant is given 

by 

\~1 = 932.996 ± 0.012 Me/sec. 

This value and that adopted provisionally for a312 
yield the ratio 

= 0.106115 ± 0.000005, 

not quite within the error of the very precise 115 In result, but 

in fine agreement with the less precise values 113 for In and 

I 115m. 
n • That such good agreement should be found, when there is 

no reason to expect constancy to a few parts per million from 

isotope to isotope, is a fact lending support to the view that both 

Inll?m resonances have been detected. 

Two further tests were planned. Unfortunately, only one 

has been possible, as . the reactor has been either shut down 

or operating at scarcely one megawatt in the last several weeks. 



2 One test would be to look for the P% fesonance at fields of 10 

or 20 gauss. Such fields would shift the transition to higher 

frequency by 44 and 176 kc/sec respectively. If the dip in 

the activity ratio follows that prediction this would negate the 

possibility that the present observations are being caused by some 

unusual fluctuation in the r.f. signal delivered by the generator. 

The second test, as mentioned previously, involves using cadmium 

enriched in Cd116 • The results are shown in Figure 18. 

The following remarks are made on the assumption that 

~~ resonance, at least, has been detected in these experiments. 

From his observations of the A F = 0 transition in the ~}1? state 

of Inll7m, Cameron was able to conclude that either ~ = + 9,0.5 ± 1.3 

Me/sec or - 932.7 ± 1.3 Me/sec. Without any other data to assist 

in choosing between these alternatives, he had to adopt the negative 

value only provisionally based on the expectation from shell model 

considerations that the nuclear magnetic moment is negative. 

The value obtained in this work, I ~ 1 = 932.996 ± 0.012 Me/sec, is 

consistent with his negative result and quite inconsistent with the 

other. Thus one may conclude, from the two experiments combined, 

that 

~ = -932.996 ± 0.012 Me/sec. 

This implies, of course, that ~/2 is also negative, but that 

conclusion adds nothing new. 



FIGURE 18 

The.!)F = ± 1 (m = 04-rm = 0) resonance 

in 
2P~ state of In117m us~ng Enriched CdO. 
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Based on the foregoing value of ~' one can calculate 

the nuclear magnetic moment of Inll?m from the Fermi-Segr~ formula. 

For a comparison isotope In115 (~ = 2281.910 ± 0.020 Me/sec, 

~I = 5.5351 nuclear magnetons corrected for diamagnetic shielding, 

I = 9/2) may be used. 

moment of In117m is 

The result for the corrected magnetic 

tli = -0.25146 ± 0.00003 nuclear magnetons. 

This is to be compared with the value -0.24375 ± 0.00003 nuclear 

magnetons for Inll5m which Lindgren (1964) obtained upon adjusting 

Cameron's result to the presently accepted magnetic moment of 

115 In quoted above. When one recalls that the Schmidt value for 

a ~ proton is -0.264, the nearness of both these results to the 

value is rather interesting. 
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